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ic proteins NAF-1 and iASPP
interact to drive apoptosis in cancer cells†

Anat Iosub-Amir,‡a Fang Bai, ‡b Yang-Sung Sohn,c Luhua Song,d Sagi Tamir,c

Henri-Baptiste Marjault,c Guy Mayer,a Ola Karmi,c Patricia A. Jennings,e

Ron Mittler, f José N. Onuchic,*b Assaf Friedler *a and Rachel Nechushtai*c

Suppression of apoptosis is a key Hallmark of cancer cells, and reactivation of apoptosis is a major avenue for

cancer therapy. We reveal an interaction between the two anti-apoptotic proteins iASPP and NAF-1, which are

overexpressed in many types of cancer cells and tumors. iASPP is an inhibitory member of the ASPP protein

family, whereas NAF-1 belongs to the NEET 2Fe–2S protein family. We show that the two proteins are

stimulated to interact in cells during apoptosis. Using peptide array screening and computational methods

we mapped the interaction interfaces of both proteins to residues 764–778 of iASPP that bind to a surface

groove of NAF-1. A peptide corresponding to the iASPP 764–780 sequence stabilized the NAF-1 cluster,

inhibited NAF-1 interaction with iASPP, and inhibited staurosporine-induced apoptosis activation in human

breast cancer, as well as in PC-3 prostate cancer cells in which p53 is inactive. The iASPP 764–780 IC50

value for inhibition of cell death in breast cancer cells was 13 � 1 mM. The level of cell death inhibition by

iASPP 764–780 was altered in breast cancer cells expressing different levels and/or variants of NAF-1,

indicating that the peptide activity is associated with NAF-1 function. We propose that the interaction

between iASPP and NAF-1 is required for apoptosis activation in cancer cells. This interaction uncovers

a new layer in the highly complex regulation of cell death in cancer cells and opens new avenues of

exploration into the development of novel anticancer drugs that reactivate apoptosis in malignant tumors.
Introduction

Protein–protein interactions (PPI) are at the core of numerous
cell death pathways such as apoptosis, autophagy, and
necrosis.1,2 Affecting specic PPI involved in these pathways
can change the fate of cells. For example, inhibiting the
interactions of anti-apoptotic proteins can result in promoting
apoptotic cell death. Here we show that iASPP and NAF-1, two
proteins that are important inhibitors of cell death mecha-
nisms in cancer cells, interact with each other, participate in
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apoptosis regulation, and could be targeted to induce
apoptosis in cancer cells.

The anti-apoptotic iASPP protein is a member of the ASPP
(apoptosis stimulating proteins of p53) protein family and has
an important role in regulating p53 dependent apoptosis.3–5

iASPP also has a role in regulating other important cellular
processes such as autophagy and senescence.6,7 iASPP is
considered a promising anti-cancer drug target as it is
frequently upregulated in many different types of cancers.8,9

Over-expression of iASPP is associated with chemo resistance
and cancer malignancy and is correlated with poor prognosis
for patients.3,10–13 iASPP, an 828 residue protein, contains an
intrinsically disordered Proline rich domain (Pro) at its N
terminus, four Ankyrin repeats (Ank) and a Src Homology 3
(SH3) domain at its C terminus (Fig. 1A).5,14,15 iASPP interacts
with numerous apoptosis-related proteins such as the p53
protein family14 and NF-kB,16,17 mainly through its Ank–SH3 C-
terminal domains. We previously showed that the important
residues for iASPP interactions with other proteins are iASPP
739–753 and iASPP 764–778.15 Recently it was shown that the
Pro domain of iASPP binds the proteins Keap1 and CEP55.18,19

iASPP PPIs are regulated by an auto-inhibitory interaction
between its Pro domain and Ank SH3 domains (Fig. 1A). This
interaction is regulated by caspase cleavage and phosphoryla-
tion of the Pro domain.15,16,20,21
Chem. Sci., 2019, 10, 665–673 | 665
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Fig. 1 Bimolecular fluorescence complementation (BiFC) analysis of
iASPP–NAF-1 interaction. (A) Domain structure of iASPP andNAF-1. iASPP
includes a pro domain and Ank–SH3 domains. NAF-1 includes inter-
membrane, transmembrane and cytoplasmic regions. The cytoplasmic
region includes cluster binding and beta cap domains. (B) Representative
images of: positive control for NAF-1 homodimer interaction using co-
expression of NAF-1–YFPc and NAF-1–YFPn with ER tracker localization
(top panels), iASPP–NAF-1 interaction following co-expression of NAF-1–
YFPc and iASPP–YFPn with ER tracker localization in the absence of the
apoptosis activator staurosporine (STS; middle panels), and iASPP–NAF-1
interaction following co-expression ofNAF-1–YFPc and iASPP–YFPnwith
ER tracker localization in the presence of the apoptosis activator staur-
osporine (STS) (1 mM; lower panels). (C) The different split-YFP/NAF-1/
iASPP vectors used for the in vivo analysis of NAF-1–iASPP interaction
shown in B. (D) Bar graphs showing the effect of STS on the BiFC signal
obtained with the NAF-1–NAF-1 interaction (left) or the NAF-1–iASPP
interaction (right). Vector construction, transfection and imaging are
described in methods. N ¼ 150 cells; **p # 0.01; ***p # 0.001.
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NAF-1 (nutrient-deprivation autophagy factor-1) belongs to
the 2Fe–2S cluster-binding NEET protein family.22,23 NAF-1 is
important for the regulation of lifespan, autophagy and
apoptosis, and alters reactive oxygen species (ROS), iron and
calcium levels in cells.23–28 A homozygous G109C mutation in
the CISD2 gene, which causes early termination of the protein,
results in the autosomal recessive disorder Wolfram syndrome
2.29 Many types of human cancer cells and tissues show high
levels of NAF-1 expression and suppressing the level of NAF-1
using shRNA results in reduced cell proliferation and sup-
pressed tumor growth. High levels of NAF-1 predict poor prog-
nosis of cancer patients.26,30–32 Overexpression of NAF-1 in
xenogra breast cancer tumors resulted in increased tumor size
compared to control tumors.33 NAF-1 is a homodimeric protein
containing a trans-membrane domain and a CDGSH 2Fe–2S
domain. NAF-1 binds its cluster by four coordinating residues:
Cys99, Cys101, Cys110 and His114 (Fig. 1A).22 The most studied
666 | Chem. Sci., 2019, 10, 665–673
interaction of NAF-1 is with the anti-apoptotic protein Bcl-2,
which regulates apoptosis and autophagy. We mapped the
interaction between NAF-1 and Bcl-2 and found that NAF-1
binds Bcl-2 through its soluble cytoplasmic region using
a groove on its surface and a large number of amino acids near
the cluster.27,34 NAF-1 can transfer its cluster to other proteins
but the exact role of this transfer is unclear. Altering NAF-1
cluster stability shows multiple effects on the proliferation of
cancer cells.33 The mutation H114C in NAF-1, which leads to
a highly stable cluster, results in much smaller tumors
compared to tumors with wild type NAF-1 protein.33 The Bcl-2
16–30 peptide, derived from the interaction interface between
NAF-1 and Bcl-2, destabilizes the NAF-1 cluster.34

Here we show that NAF-1 and iASPP interact in cancer cells
during apoptosis. We mapped the binding interfaces in both
proteins and found that iASPP residues 764–778 are important
for this interaction. A peptide derived from iASPP (iASPP 764–
780) stabilized the NAF-1 2Fe–2S cluster, inhibited NAF-1
interaction with iASPP and inhibited apoptosis. The iASPP
764–780 peptide inhibited cell death with an IC50 value of 13� 1
mM, and an EC50 value of 7.5� 0.6 mM, with maximal inhibition
of 80%. This inhibition appeared to be dependent on the level
and function of NAF-1 in cells, but not on p53. Because NAF-1
and iASPP were previously shown to be involved in regulating
the oxidative stress capacity of cells,18,23 we propose that
designing molecules to regulate their PPI could be an important
research avenue for controlling cancer cell proliferation, the
suppression of apoptosis and the oxidative state of cells.
Results
Binding of NAF-1 to iASPP in cancer cells

To determine whether NAF-1 interacts with iASPP in vivo we
conducted a bimolecular uorescence complementation (BiFC)
analysis for this interaction in MCF-7 human epithelial breast
cancer cells. Because NAF-1 is a homodimer,23 we could use its
own dimerization interaction as a positive control for the BiFC
assay. When the split NAF-1–YFPc and NAF-1–YFPn fusion
proteins were co-expressed in MCF-7 cells they displayed a BiFC
signal that was primarily localized to the ER (Fig. 1B–D). In
contrast, when the split NAF-1–YFPc and iASPP–YFPn fusion
proteins were co-expressed in MCF-7 cells, no BiFC signal could
be detected (Fig. 1B–D). A BiFC signal was however detected in
cells co-expressing the split NAF-1–YFPc and iASPP–YFPn fusion
proteins one hour following the application of staurosporine (STS,
1 mM), a non-specic kinase inhibitor that activates apoptosis and
causes oxidative stress in cells.35 The BiFC signal obtained in STS-
treated cells co-expressing NAF-1–YFPc and iASPP–YFPn was at
least partially localized to the ER (Fig. 1B–D). Taken together, the
ndings presented in Fig. 1 demonstrate that NAF-1 interacts with
iASPP in cancer cells following the activation of apoptosis by STS,
and that this interaction occurs, in part, at the ER.
Mapping iASPP Ank–SH3 interactions with NAF-1

To validate the protein–protein interaction detected in vivo by
BiFc (Fig. 1) we tested whether NAF-1 interacts with iASPP Ank–
This journal is © The Royal Society of Chemistry 2019
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SH3 in vitro using a nickel affinity pulldown assay. NAF-1
interacts with HLT–iASPP Ank–SH3 bound beads and does not
interact with controls (Fig. 2A). These results indicate that iASPP
Ank–SH3 binds NAF-1 in vitro. To determine which regions of
iASPP interact with NAF-1, we used peptide arrays to map the
NAF-1 binding sites in iASPP (Fig. 2B and S1†). NAF-1 was
screened for binding an array of 91 overlapping peptides
derived from iASPP. Out of these candidates, 67 peptides were
derived from the iASPP Pro domain and 24 were derived from
iASPP Ank–SH3 (Tables S1 and S2†). NAF-1 bound two peptides
derived from iASPP Ank–SH3, iASPP 739–753, which is part of
the fourth Ankyrin repeat, and iASPP 764–778, which is a part of
Fig. 2 Mapping the binding sites between iASPP Ank–SH3 and NAF-1. (
pulldown of NAF-1 by HLT–iASPP Ank–SH3. (I) SDS page gel Coomassie
NAF-1. NAF-1 eluted from the Ni beads in the presence of HLT–iASPP Ank
Ni beads bound to HLT. The presence of 100 mM iASPP 764–780 did not
780). (II) The presence of 500 mM iASPP 764–780 inhibited iASPP int
dimer : iASPP 764–780); (B–D) peptide array screening. Dark spots indic
array of peptides derived from iASPP Ank–SH3. NAF-1 bound peptides de
H114C mutant bound only iASPP 764–778. For peptide sequences see
peptides derived from iASPP 764–778. For peptide sequences see Table
spot. The most important residues for NAF-1 interaction with iASPP 764–
2VGE14). iASPP 739–753 is colored green, iASPP 764–778 coloredmagent
the predicted binding complex between NAF-1 (light cyan and light green
residues 764–778, is highlighted in magenta, and the predicted binding si
most correlated residue pairs across iASPP and NAF-1 identified binding s
132 (PDB ID 4OO7 (ref. 54)). The monomers are colored light cyan and lig
are colored light purple. In (III) NAF-1 residues shown to bind Bcl-2 (ref. 34
residues that bind both proteins are colored purple; (E and G) were gen

This journal is © The Royal Society of Chemistry 2019
the iASPP RT loop, connecting the last two beta strands in the
SH3 domain (Fig. 2B and E). NAF-1 did not bind any peptides
derived from the iASPP Pro domain (Fig. S1†). The mutant
NAF-1 H114C, an important control protein, bound only iASPP
764–778 but not iASPP 739–753 (Fig. 2C and E). We therefore
focused on studying the iASPP 764–778 interaction with NAF-1.
Alanine scanning experiments, in which we systematically
replaced each residue of iASPP 764–778 with Alanine and tested
their binding to NAF-1, were performed using peptide array
screening.36 The results showed that three acidic and one
aromatic residues are the most important for iASPP 764–778
interaction with NAF-1: E772, F773, D775, and E776. Altering
A) iASPP Ank–SH3 interacts with NAF-1 68–135 in vitro. Nickel affinity
staining results for HLT–iASPP Ank–SH3 and Western blot results for
–SH3 at a 75% higher intensity than in the controls of Ni beads alone or
affect iASPP binding to NAF-1 (ratio of 1 : 2.5 NAF-1 dimer : iASPP 764–
eraction with NAF-1 and reduced it by 85% (ratio of 1 : 12.5 NAF-1
ate binding peptides. (B) Binding of NAF-1 and (C) NAF-1 H114C to an
rived from iASPP Ank–SH3 residues 739–753 and 764–778. The NAF-1
Tables S1 and S2.† (D) Binding of NAF-1 to an array of Alanine scan
S3.† Each residue replaced by Alanine is indicated above the relevant
778 are labelled in magenta. (E) Cartoon view of iASPP Ank–SH3 (PDB
a, and essential residues E772, F773, D775 and E776 are in sticks view; (F)
) and iASPP (beige). The identified binding site of iASPP, which includes
te of NAF-1 is highlighted in light purple. The orange lines represent the
ite (Table S4†); (G) surface view (also rotated 90�) (I and II) of NAF-1 69–
ht green. NAF-1 residues that bind iASPP in the DCA analysis (Table S4†)
) are colored teal, residues that bind iASPP are colored light purple and
erated using PyMOL.55

Chem. Sci., 2019, 10, 665–673 | 667
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each of these residues to Alanine abolished iASPP 764–778
binding to NAF-1 (Fig. 2D, Table S3†). We used the binding site
identication tool, Fragment-docking and Direct Coupling
Analysis (Fd-DCA),37,38 and the PPI docking tool Z-Dock39 to
construct a model of the binding complex between NAF-1 and
iASPP (Fig. 2F). Based on scanning of the fragment-sized
molecular probes, the areas on the surfaces of NAF-1 and
iASPP showing the strongest binding affinities were identied
(Fig. S2†). A co-evolutionary analysis of multiple sequence
alignments (MSAs) generated for the two proteins, further
identied pairs of binding sites between them that demon-
strated the highest co-evolutionary score. The detailed direct
information (DI) values of each pair of residues from the
selected pairs of binding sites are listed in Table S4† (Fig. 2G).
The residues with the highest DI are the most directly coupled
residue–residue interactions. The identied binding interface
between the two proteins includes iASPP 764–778 and repre-
sents the strongest co-evolutionary interface interaction score.
Both DCA and the Alanine scan found iASPP F773 to be
important for this interaction. The PPI docking simulation tool
Z-Dock was further used to construct the binding complex
between NAF-1 and iASPP (Fig. 2F).
Fig. 3 The iASPP 764–780 peptide stabilizes the NAF-1 clusters. (A +
B) The mode-of-binding of the iASPP 764–780 peptide to the NAF-1
protein as found by computational docking. iASPP 764–780 is shown
in magenta as an extended molecule that wraps across both 2Fe–2S
cluster motifs. The NAF-1 dimer is presented in light green and light
cyan. The identified protein–protein interaction region of NAF-1 with
iASPP is highlighted in light purple. The iron–sulfur clusters are shown
as orange and yellow spheres. (A) Cartoon and stick views indicating
the interactions between iASPP 764–780 and NAF-1. The important
interaction identified by the Alanine scan (Fig. 2D) are circled in dashed
lines. (B) Cartoon and surface view of NAF-1. The critical Histidine
cluster-coordinating ligands of NAF-1 are shown in white and blue
spheres, the aromatic groups (magenta spheres) of the iASPP peptide
interact with the Histidines (H114) of NAF-1. Such interactions
potentially stabilize/protect the clusters from detachment from the
NAF-1 protein. (C) Cluster stability assay of NAF-1 in the presence of 8
mM iASPP 764–780 (magenta), compared to the cluster stability
without any peptide added (blue). Adding the iASPP 764–780 peptide
significantly stabilized the NAF-1 holo protein.
iASPP 764–780 inhibits iASPP interaction with NAF-1 and
stabilizes the cluster of NAF-1

We tested the effect of the peptide derived from iASPP 764–780
on the interaction of iASPP with NAF-1 using a pull-down assay.
When we incubated NAF-1 with iASPP Ank–SH3 and 500 mM
iASPP 764–780 (ratio of 1 : 12.5 NAF-1 dimer : iASPP 764–780),
the iASPP 764–780 peptide inhibited iASPP binding to NAF-1 by
85% (Fig. 2A). Using CABS-dock, a docking server that performs
docking of peptides to proteins without prior knowledge of the
binding site,40 a model for iASPP 764–780 mode-of-binding to
NAF-1 was generated (Fig. 3A and B). The peptide is found in an
extended conformation, tightly bound to NAF-1, with substan-
tial similarity to the binding surface between the full length
NAF-1–iASPP, shown in Fig. 2F. The peptide is wrapped around
the NAF-1 protein. Molecular interactions between the NAF-1
and the iASPP 764–780 peptide are indicated. These include
hydrogen bonds between T106 and D775, Q76 and D768, as well
as N79 and W767 (dash lines, Fig. 3A), p–p interactions formed
between Y98 and F773, as well as between F107, W102 and
Y769. Two other very possible interactions are hydrogen bond
between E772 and N84, and a ionic bond between E776 and K95
(Fig. 3A). The interactions that were indicated by the Alanine
scan (Fig. 2D; E772, F773, D775 and E776) are circled by
a dashed line in the structure. According to the computational
mode-of-binding, the iASPP 764–780 protects the NAF-1 2Fe–2S
clusters by forming p–p interactions between NAF-1 H114 and
iASPP Y764 and iASPP F779. These interactions stabilize H114
and its coordination with the 2Fe–2S clusters (Fig. 3B). This
result underscored the importance of aromatic interactions in
protecting the integrity of NAF-1, keeping it as holo–NAF-1. To
validate the model, and because the stability of the NAF-1
cluster affects cell proliferation,33,34,41 we tested NAF-1 clusters'
stability in the absence or presence of the iASPP 764–780
668 | Chem. Sci., 2019, 10, 665–673
peptide. The iASPP 764–780 peptide stabilized the NAF-1 cluster
and in its presence 80% of the clusters were still bound to NAF-1
aer 800min (in contrast, no clusters were found to be bound to
NAF-1 following 500 min without the peptide; Fig. 3C).

iASPP 764–780 inhibits apoptosis in cancer cells in a NAF-1-
dependent manner

Both iASPP and NAF-1 inhibit apoptosis in cancer cells. As
shown above, iASPP and NAF-1 are induced to interact upon
activation of apoptosis (Fig. 1). Since iASPP 764–780 inhibits the
This journal is © The Royal Society of Chemistry 2019
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interaction of iASPP with NAF-1 in vitro (Fig. 2A), we tested
whether the iASPP 764–780 peptide affects apoptosis activation in
cancer cells. The iASPP 764–780 peptide penetrated MDA-MB-231
Fig. 4 The effect of iASPP 764–780 on staurosporine (STS)-induced
apoptosis and viability of MDA-MB-231 cancer cell spheroids.
Apoptosis in spheroids was measured using Annexin V FITC in a time
dependent manner. (A) Upper panel: representative images show
green fluorescence of spheroids undergoing apoptosis following 24 h.
(a) Untreated cells, (b) cells treated with iASPP 764–780 without STS,
(c) cells treated with STS without iASPP 764–780, (d) cells treated with
iASPP 764–780 and STS. Lower panel: time-dependent apoptosis in
spheroids of MDA-MB-231 cancer cells: the graphs show untreated
cells (blue), cells treated with STS (red), cells treated with iASPP 764–
780 (green), and cells treated with STS and iASPP 764–780 (violet).
iASPP 764–780 abolished apoptosis induced by STS. (B) Time-
dependent inhibition of STS-induced cytotoxicity by iASPP 764–780 in
the spheroids of MDA-MB-231 cancer cells. Cytotoxicity was
measured using propidium iodide (P.I). The graphs show untreated
cells (blue), cells treated with STS (red), cells treated with iASPP 764–
780 (green), and cells treated with STS and iASPP 764–780 (violet).
iASPP 764–780 inhibited the cytotoxicity of STS by about 40%. (C) IC50

value of iASPP 764–780 in inhibiting apoptosis in MDA-MB-231 cells.
The IC50 value was found to be 13 � 1 mM with maximum inhibition of
80%. The EC50 was found to be 7.5 � 0.6 mM. (D) Time-dependent
inhibition of STS-induced cytotoxicity by iASPP 764–780 in spheroids
of PC-3 cancer cells. The graphs show untreated cells (blue), cells
treated with STS (red), cells treated with iASPP 764–780 (green), and
cells treated with STS and iASPP 764–780 (violet). iASPP 764–780
inhibited the cytotoxicity of STS by about 50%. (E) The effect of iASPP
764–780 on the viability of MDA-MB-231 cancer cell spheroids with
different levels of NAF-1 expression/function. Four different cell lines
were used: WT, NAF-1(�), NAF-1(+), and H114C. The percentage of
cell death inhibition induced by iASPP 764–780 was obtained by
dividing the fluorescence intensity of P.I, indicative of cell death, by the
control fluorescence intensity of PI in the absence of iASPP 764–780.
The results are shown as average � SD of four independent experi-
ments. iASPP 764–780 had the most significant effect on cell death
inhibition in H114C cells and the less significant effect on cell death
inhibition in NAF-1(�) cells. **p # 0.01.

This journal is © The Royal Society of Chemistry 2019
cells but did not kill them (Fig. S3†). The iASPP 764–780 peptide
did however inhibit STS-induced apoptosis of MDA-MB-231
spheroids (Fig. 4A and B). The IC50 value of iASPP 764–780 for
inhibiting cell death in MDA-MB-231 cells was determined to be
13 � 1 mM, with an EC50 of 7.5 � 0.6 mM and maximal inhibition
reaching about 80% (Fig. 4C). Since the peptide is derived from
iASPP, which also binds and inhibits p53 induced apoptosis,3 we
introduced the peptide into p53 null PC-3 prostate cancer cells.
The peptide signicantly inhibited the STS-induced cell death of
PC-3 spheroids (Fig. 4D). To test whether apoptosis inhibition by
the peptide is associated with NAF-1 in cancer cells, we used four
different MDA-MB-231 breast cancer cell lines with altered
expression of NAF-1: wild type, NAF-1 suppressed or over-
expressed, and H114C mutant over-expressed.33 The iASPP
764–780 peptide (30 mM) inhibited cell death of MDA-MB-231
spheroids with WT or over-expressed levels of NAF-1 by ca. 30%.
In spheroids with over-expressed H114C mutant the inhibition
was ca. 50%. In contrast, no inhibition was observed in MDA-MB-
231 cells in which NAF-1 expression was suppressed (Fig. 4E and
S4†). These results are consistent with the hypothesis that the
iASPP 764–780 peptide function in cells is associated with NAF-1
presence and/or function.

Discussion

NAF-1 and iASPP were both recently discovered,3,29 with new
details regarding their role in regulating multiple pathways in
cells still emerging.9,18,33,42 Here we show for the rst time that
iASPP and NAF-1 interact with each other in vitro and in cells
during STS-induced apoptosis. Our results suggest that at least
some of the NAF-1–iASPP interactions that occur in cells during
apoptosis activation occur at the ER.

The surfaces at which NAF-1 binds to iASPP are known to be
important for regulatory interactions between iASPP Ank–SH3

and iASPP Pro.15 The Alanine scan of iASPP 764–780 binding to
NAF-1 identied iASPP E772, F773, D775, and E776 as impor-
tant residues for the peptide–protein interactions. The iASPP
764–780 peptide – NAF-1 protein model indeed identied these
residues as iASPP binding residues forming hydrogen, ionic,
and p–p interactions with NAF-1. The important binding
interface between NAF-1 and iASPP at the protein level, identi-
ed by our Fd-DCA method, which also found F773 important
for the iASPP–NAF-1 interaction, overlaps with the model at the
peptide level of iASPP 764–780 bound to NAF-1. The peptide–
protein model suggests that the peptide has an extended
conformation and can interact with both 2Fe–2S cluster
domains, while the full protein can interact with only one.
According to the DCA analysis, 11 out of the 20 most correlated
residue pairs (highest DI) between NAF-1 and iASPP overlapped
with the identied binding sites of the two proteins, i.e., site 2 of
iASPP and site 1 of NAF-1 (Fig. 2S,† highlighted in red in Table
S4†). The only previously mapped interaction of NAF-1 is with
Bcl-2. Some of the NAF-1 residues that bind iASPP, were found
to bind Bcl-2,34 these included P80, N84, T94, T106, and N115.
The binding surface between NAF-1 and Bcl-2 is much larger
than the binding surface between NAF-1 and iASPP and
contains 23 residues (Fig. 2G). Our ndings suggest that this
Chem. Sci., 2019, 10, 665–673 | 669
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Fig. 5 Suggested molecular mechanism and a role for iASPP–NAF-1
interaction. When NAF-1 binds iASPP, Keap1 is free to inhibit Nrf-2
activity resulting in enhanced oxidative stress and apoptosis activation.
In the presence of iASPP 764–780, iASPP interaction with NAF-1 is
inhibited and iASPP is free to bind Keap1, which results in Nrf2 acti-
vation, decreased ROS levels and inhibition of apoptosis.
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part of the surface of NAF-1 is important for its cell death
regulation activity.

The iASPP 764–780 peptide inhibited the interaction of
iASPP with NAF-1 and stabilized the cluster of NAF-1. Altering
the stability of the NAF-1 clusters was shown to result in
suppressed cell proliferation or death of cancer cells.33,41 In
the current study the iASPP 764–780 peptide inhibited
apoptosis of cancer cells, possibly by inhibiting the NAF-1–
iASPP interaction. The iASPP 764–780 peptide inhibited STS-
induced cell death of both MDA-MB-231 and PC-3 cancer
cells. The peptide did not act by inhibiting p53, the known
target of iASPP, since p53 in the PC-3 cells is inactive due to
a frame shi mutation.43 Furthermore, iASPP 764–780
inhibited cell death in PC-3 cells more than in MDA-MB-231
cells. The IC50 value for cell death inhibition of iASPP 764–
780 in MDA-MB-231 was found to be 13 � 1 mM, with EC50

value of 7.5 � 0.6 mM and a maximal efficacy of about 80%.
iASPP 764–780 showed different levels of cell death inhibition
in cells with different NAF-1 levels or function, and speci-
cally did not display cell death inhibition of cells that have
suppressed expression of NAF-1, suggesting that the mode of
iASPP 764–780 action is associated with NAF-1.

Both iASPP and NAF-1 inhibit apoptosis and are involved in
regulating oxidative stress and both are associated with the
anti-oxidative protein Nrf2.18,25,44 Nrf2 is one of the master
regulators of oxidative stress responses that can function as
a driver or suppressor of cancer cell proliferation.45 Nrf2
activity is regulated by Keap1 that induces ubiquitin–protea-
some degradation of Nrf2. Nrf2 degradation is quickly reduced
upon oxidative stress, leading to Nrf2 accumulation and
nuclear translocation.46 iASPP was found to activate Nrf2 by
binding to its inhibitor Keap1, resulting in lower ROS,
decrease in cell death and higher drug resistance of renal cell
carcinoma.18 Cells with low NAF-1 expression showed
increased ROS47 and high levels of Nrf2 protein and
activity.25,44 As both proteins are related to Nrf2, we speculate
that the newly discovered interaction described here may
regulate Nrf2 activity. By doing so, the iASPP–NAF-1 interac-
tion may allow the cell to undergo or resist apoptosis in an
oxidative stress-dependent manner. When NAF-1 binds iASPP,
Keap1 is free to inhibit Nrf-2 activity resulting in enhanced
oxidative stress. In the presence of the iASPP 764–780 peptide,
iASPP interaction with NAF-1 is inhibited and iASPP is free to
bind Keap1, which results in Nrf2 accumulation and activa-
tion, decreased ROS levels and inhibition of STS-induced
apoptosis (Fig. 5).
Conclusions

Although both iASPP and NAF-1 are important inhibitors of
apoptosis, their interaction that drives apoptosis in cancer cells,
reveals another mechanism within the highly complex network
of cell death regulation. Compounds that inhibit NAF-1–iASPP
interaction could therefore act as lead compounds against
diseases that are caused by excessive apoptosis of cells, such as
neurodegenerative diseases.48
670 | Chem. Sci., 2019, 10, 665–673
Methods
BiFC

The C-terminal (aa 175-239) and N-terminal (aa 1-174) frag-
ments of YFP were PCR amplied from pEYFP-Pds1Ddes-
truction box (383) which was a gi from Jonathon Pines
(Addgene plasmid # 39848), sequenced, and cloned as an in-
frame fusion to pEGFP-N1 containing NAF-1 or iASPP.49 The
linker sequence DPRSIAT was used for connecting the NAF-1 or
iASPP proteins to the YFPc/YFPn fragments. MCF-7 cells plated
in RPMImedium 1640 (11875-093, gibco) with 10% FBS and 100
UmL�1 penicillin, 100 mg mL�1 streptomycin, and 0.25 mg mL�1

amphotericin B on coverslips coated with poly-L-lysine solution
(p4707-50 mL, sigma) were co-transfected with the different
fusion protein constructs, using the GeneJuice Transfection
Reagent (70967-3, Novagen; 49). Following staining with the ER-
Tracker Red Dye (E34250, Invitrogen), complete FluoroBrite
DMEM (A18967-01, Gibco) medium was used to replace the
RPMI medium 1640, and confocal images were obtained using
a Zeiss LSM 710 confocal microscope. YFP, ER-Tracker and
DAPI were excited by a 415 nm Argon, 561 nm diode and 405 nm
diode laser respectively, and their uorescence was detected at
508–604 nm, 585–700 nm and 400–580 nm, respectively.
Nickel affinity pulldown assay

30 mL nickel–NTA beads (Qiagen) beads were incubated with: (1)
500 mL buffer A (20 mM Tris pH ¼ 8, 100 mM NaCl, 60 mM
Imidazo); (2) 400 mL 27 mMHLT (in buffer A) or (3) 175 mL 38 mM
HLT–iASPP Ank–SH3 (in buffer A) for 1 hour with gentle mixing
at 4 �C. The samples were centrifuged (2 min 3500 RPM), and
washed with buffer A (5 min, 4 �C, gentle mixing). 350 mL of 40
mM NAF-1 68–135 dimer in buffer A were added to all of the
samples. In the samples that were incubated with the peptide,
the 350 mL NAF-1 also contained iASPP 764–780 in a concen-
tration of 100 mM or 500 mM. The nickel–NTA beads and NAF-1
68–135 were gently mixed for 2 hours at 4 �C. The samples were
centrifuged, and the supernatants were collected. The samples
were washed three times with 1 mL buffer A and the third
washes were kept and analyzed. The beads were eluted by
boiling them in SDS sample solution. Samples were analyzed on
a 12% SDS-PAGE gel. iASPP Ank–SH3 was detected using
This journal is © The Royal Society of Chemistry 2019
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Coomassie blue dye. NAF-1 68–135 was detected using western
blot with rabbit anti-NAF-1 primary antibody and HRP conju-
gated mouse anti-rabbit secondary antibody. Western blots
were analyzed using ImageJ soware.

Peptide array

The CelluSpotsTM peptide micro-arrays were synthesized by
INTAVIS Bioanalytical Instruments AG, Köln, Germany. The 15
residue peptides were acetylated at their N-termini and attached
to a cellulose membrane via their C termini through an amide
bond. For screening the binding of the array to His6–NAF-1 the
array was rst washed for 4 h at room temperature with 50 mM
Tris–HCl pH ¼ 8, 150 mM NaCl, 0.05% Tween 20 (TBST) and
2.5% (W/V) skimmed milk (blocking buffer) for blocking
unspecic binding. 10 mM of His6–NAF-1 68–135/His6–NAF-1
68–135 H114C were dissolved in blocking buffer. 5 mL of the
proteins were incubated with the arrays at 4 �C with shaking
overnight. Aer three washes with TBST, the array was incu-
bated with anti His HRP conjugated antibody at room temper-
ature for 1 h. The antibody was dissolved in blocking buffer. The
array was then washed again three times with TBST. Immuno-
detection was performed using chemiluminescence (ECL
reagents). For screening iASPP binding to peptides derived from
NAF-1, 5 mM of HLT–iASPP Ank–SH3 were dissolved in TBST
with 3% (w/v) skimmed milk.

Computational reconstruction of the NAF-1–iASSP binding
complex

To reconstruct the NAF-1–iASPP binding complex, our in-house
protein–protein interaction prediction method Fd-DCA (Frag-
ment docking-Direct Coupling Analysis;50) was used to identify
the binding sites for NAF-1 and iASPP. Based on the screening
of the molecular probes on the surface of iASPP (PDB code:
2VGE) and NAF-1 (PDB code: 4OO7), four different candidate
binding sites with diverse shapes and sizes were found for
iASPP, and one site was found on the surface of the soluble
domain of NAF-1 (Fig. S3†). Site 2 of iASPP is the site which
includes the sequence of residues 764–780. DCA analysis of the
two proteins further identied the most correlated 20 residue
pairs (highest DI; Table S4†). Site 2 of iASPP and site 1 of NAF-1
presented the strongest co-evolutionary interface interaction
score, suggesting that NAF-1 may interact with the identied
site 2 of iASPP via its site 1. To further obtain the molecular
binding complex for these two proteins, we used the correlated
residue pairs, which overlap with the residues on the conrmed
binding sites (highlight in Table S3†), as the index of the con-
tacting residues and performed a protein–protein docking
simulation by using Z-Dock (version 3.0.2; 51). The parameters
were set as default. As a result, the highest ranked binding
complex of NAF1/iASPP was obtained as shown in Fig. 2F.

Peptides synthesis labeling and purication

Peptides were synthesized on a Liberty Blue Microwave Assisted
Peptide Synthesizer (CEM) using standard Fmoc chemistry and
DIC/Oxyma as coupling reagents. The peptides were labeled
with 5(6)-carboxyuorescein at their N termini as described51
This journal is © The Royal Society of Chemistry 2019
and cleaved from the resin as described.52 The peptides were
puried on a MERCK-Hitachi HPLC using a reverse-phase C8

semi-preparative column with a gradient of ACN/TDW. ESI
mass spectrometry and analytical HPLC were used to verify the
identity and purity of the peptides (Fig. S5†).

Cluster stability assay

Cluster stability was performed as described in ref. 34. Specically
8 mM of NAF-1 and 8 mM of iASPP 764–780 were used.

Binding mode prediction for iASPP 764–780 with NAF-1

To predict the binding of iASPP 764–780 with NAF-1, the exible
peptide-docking online tool CABS-dock (http://
biocomp.chem.uw.edu.pl/CABSdock)53 was adopted to perform
the simulation. NAF-1 structure (PDB code: 4OO7) and the
sequence of iASPP 764–780 (YALWDYSAEFGDELSFR) were
submitted as input, and the other parameters were kept as default.

Cell culture

Malignant breast epithelial cells (MDA-MB-231) and human
prostate cancer cells (PC-3) were grown at 37 �C under 5% CO2

in RPMI 1640medium supplemented with 10% fetal calf serum,
L-glutamine, and antibiotics containing penicillin, strepto-
mycin, and amphotericin B (Biological Industries). Both cell
types were plated at a density of 2 � 103 in a 96 well ULA plate
(Corning 7007) for 3D-spheroid experiments. To form 3D-
spheroids, the cells were further cultured for 3 days.

Cells death by STS experiments

Staurosporine (STS)-induced cytotoxicity of 3D-spheroids of
MDA-MB-231 cancer cells was evaluated using the IncuCyte
Zoom system (Essen Bioscience). MDA-MB-231 cancer cells were
seeded in a 96 well ULA plate (Corning 7007) at a density of 2 �
103, and allowed to culture for an additional 3 days to form the
spheroids. The resulting spheroids were then treated with STS
and the annexin V FITC reagent (abcam) to detect apoptosis, or
propidium iodide reagent (abcam) to detect cell death. 30 mM of
peptide was added in each experiment (iASPP 764–780). Cell
images were recorded every two hours, and the resulting green
color indicating apoptosis and red color, reecting cell death,
were analyzed with the IncuCyte soware. This allowed the
evaluation of the time-dependent apoptosis and cell death of
cells.

Determination of IC50 and EC50

MDA-MB-231 cells were seeded at a density of 10 � 103 in a 96
well Nunc plate and treated with iASPP 764–780 at the series of
concentrations (0 mM, 0.1 mM, 0.3 mM, 0.6 mM, 1.25 mM, 2.5 mM,
5 mM, 10 mM, 20 mM, 40 mM, 80 mM, 120 mM, 180 mM), together
with STS (staurosporine, 1mM) and PI probes (propidium
iodide, abcam) for tracing STS induced cell death. Images were
recorded every two hours using the IncuCyte Zoom System and
analysed with the IncuCyte soware. The presented results were
taken following 24 hours incubation. % of cell death inhibition
was calculated in reference to cells without the peptide. The %
Chem. Sci., 2019, 10, 665–673 | 671
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of cell death inhibition was plotted against log of the peptide
concentration. The IC50 and EC50 values were calculated by
tting the plot to the Hill equation:

Y ¼ B + ((T � B)/(1 + 10(log(EC50) � X) � Hill slope))

T and B: top and bottom plateaus in the Y axis; EC50: the X value
that gives the half Y value between top and bottom Y plateaus.
Hill slop is the curve slope.
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